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Telornerase expression in humans is restricted to different populations of stem and mﬁl
genitor cells, being silenced in most somatic tissues. Efficient telomere soamomﬁmm_m is
essential for embryonic and adult stem cell function and therefare essential for tissue
homeostasis throughout organismal life. Accordingly, the mutations in telomerase cul-
minate in reduced stem cell function both in vivo and in vitro and have been associated
with tissue dysfunction in human patients. Despite the importance of telomerase for
stem cell biclogy, the mechanisms behind telomerase regulation during am(_w_nqumz
are still poorly understocd, mostly due to difficulties in ch:_:.@ and maintaining plu-
ripotent stem cell populations in culture. In this chapter, we will analyze recent Qm.,ﬁ_-
opments in this field, including the importance of efficient telomere homeostasis in
different stem cell types and the role of telomerase in different techniques used for cel-

lular reprogramming.
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T. INTRODUCTION

1.1. A variety of stem cells throughout organismal
development
Stem cells are functionally defined by their ability to proliferate in the same
state (self-renew) while being able to generate differentiated cell types in the
developing and adult organism.' Typically, stem cells are classified by their
developmental potential, ranging from totipotent, represented by cells that
are able to generate the whole organism, including the extraembryonic tro-
phoblast lineage (zygote and early blastomeres in mammals), to unipotent
cells that are able to differentiate into just one particular cell type (such as
spermatogonial stem cells). Mouse embryonic stem (ES) cells are derived
from the inner cell mass (ICM) of the embryo and represent the pluripotent
stem cell state, able to generate the entire organism except the trophoblast
lineage.>” In addition, self-renewing, pluripotent stem cells have been
derived from the mouse embryo at a slightly later stage, when the ICM
has become the epiblast (these cells are then called epiblast stem cells). How-
ever, due to ethical concerns and technical challenges, it was not until almost
20 years later that James Thomson and colleagues were able to successfully
derive human ES cells from the ICM mass of human blastocysts.” The rel-
ative ease of culturing mouse and human ES cells in vitro, together with the
promise that these cells hold for regenerative medicine, prompted an exten-
sive molecular and biochemical characterization of the pluripotent state and
provided several insights into organismal development (for detailed reviews
on ES cell biology, please see Refs. 5-8). On the other hand, adult stem cells
have proven to be harder to isolate and to study in vitro.” These cells are more
restricted in their developmental potential than ES cells and are typically
classified as multipotent cells, able to differentiate into all cell types of a par-
ticular cellular lineage, being responsible for the replenishing of specific tis-
sues throughout organismal life. The study of the molecular control behind
each of these different stem cell states is fundamental for the understanding of
mammalian development and human disease. In fact, a growing body of evi-
dence suggests that the number of stem cells in adult tissues must be under
strict genetic control in order to avoid uncontrolled expansion or exhaustion
of a particular tissue, which can lead to different human conditions, such as
cancer and aging."""" Efficient stem cell function is therefore essential for
organismal fitness. In this chapter, we will focus on how telomerase activity
and telomere homeostasis are controlled in difterent stem cell populations
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and on the importance of this process for proper stem cell self-renewal, a
process that ultimately maintains the stem cell pool for the life of an

Organisi.

1.2. Telomeres cap chromosomal ends

Telomeres are the physical ends of eukaryotic chromosomes. In vertebrates,
these sequences are composed of long stretches of TTAGGG repeats that
can extend up to 15 kb in humans and 100 kb in rodents. The telomeric
DNA is composed of a long double-stranded tract that ends in a short,
single-stranded overhang. This single-stranded unit of the telomere invades
the double-stranded sequence, giving rise to a lasso-like structure named
“T-loop” that protects the telomere terminus from the DNA damage-
repair machinery that would otherwise recognize telomeres as potential
DNA double-strand breaks.'? Providing further protection to chromosome
ends, telomeres are also bound by shelterin, a large multisubunit protein
complex that prevents the chromosome ends from being recognized as a
DNA break and inhibits inappropriate recombination. The physiological
relevance of efficient telomere protection is well demonstrated by the inhi-
bition or deletion of specific shelterin components, where there is rapid
telomere uncapping, which results in a local DNA damage response at
chromosome ends, leading to robust activation of DNA damage path-
ways.'> " More recently, it was discovered that in addition to shelterin,
telomeres in vertebrates are also bound by proteins belonging to the
CST complex, indicating that proper telomere homeostasis might result
from cooperation between shelterin and CST to keep the 3’ overhang
telomeric DNA stable.'®"”

2. TELOMERE HOMEOSTASIS IN STEM CELLS
2.1. Telomerase activity in pluripotent stem cells

Due to the inability of DNA polymerases to fully replicate chromosome
ends at the lagging strand™ at every cell division, there is a loss of up to
200 bp of telomeric DNA in mammalian cells.*’ This is especially relevant
for ES cells, since these have a rapid cell cycle progression characterized by
an abbreviated G1 phase of the cell cycle.** This fast cell cycle is a defin-
ing characteristic of pluripotent cells, and it is thought to be necessary for
continmal selforenewal and to resist differentiation.” where the forced
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expression genes that regulate progression through the cell cycle mduce fast

o 26,26
and potent cellular differentiation.

To avoid the significant telomere
shortening that would otherwise be associated with continuous cellular
divisions, mammalian pluripotent cells have high activity levels of telome-
rase, the ribonucleoprotein (RNP) enzyme responsible for synthesizing

27-29
telomeres.

The importance of telomerase activity for the homeostasis
and proliferation of pluripotent cells is clear from experiments using
telomerase-ablated ES cells, which showed progressive telomere shorten-
ing, genomic instability, aneuploidy, and telomere fusions that culminated
with reduced growth rates.* The only cells that maintained proliferation
were the ones that were able to elongate their telomeres using
telomerase-independent mechanisms.*' Interestingly, it has recently
been shown that mouse ES cells show a unique mode of telomere mainte-
nance that relies on the transient expression of ZSCAN4, which promotes a
rapid telomere extension by telomere recombination.>* Interestingly, while
the developmental potency of mouse ES cells is known to deteriorate dur-
ing long-term cell culture, increasing the frequency of Zscan4 activation in
mouse ES cells restores and maintains their developmental potency in long-
term cell culture.® Confirming the importance of telomerase for
pluripotency potential, tetraploid embryo complementation experiments
(the most stringent test for pluripotency) have shown that telomerase-
deficient mESCs with short telomeres lose their ability to generate com-
plete ESC pups.®® On the other hand, the overexpression of telomerase
enhanced self-renewal, improved resistance to apoptosis, and increased pro-
37 and human®® ES cells. Biochemically, telomerase is a
large, multisubunit protein complex that, in addition to TERT, its reverse
transcriptase component is composed of TERC, the telomerase RINA

liferation in mouse

component used as a template for the transcriptase reaction: dyskerin
(DKC1), a TERC-binding protein necessary for its stability; and TCABI,
necessary for telomerase translocation to Cajal bodies and holoenzyme

3941
assembly correction.

While TERC is expressed in several somatic tis-
sues, TERT is only found in stem and progenitor cells, rendering the vast
majority of human adult somatic cells telomerase negative.** The high
levels of TERT in pluripotent cells culminate in telomere elongation dur-
ing the derivation of both mouse™ and human** ES cells from the ICM of
blastocysts. In addition, both TER'T expression and telomerase activity are
rapidly downregulated during differentiation of pluripotent cells,****¢
which indicates that they can be regarded as markers of undifferentiated
ES cell populations.
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2.2. Telomerase activity in adult multipotent cells

Most adult somatic tissues present a complex cellular hierarchy that starts
with a small number of multipotent stem cells that can either self~renew
(thereby maintaining the stem cell pool) or differentiate into progenitor cells
that have a hmited proliferative potential and usually differentiate into
mature, functional, tissue somatic cells.”” Adult stem cells are normally
detected as long-lived cellular populations that reside in specialized niches
ofa given tissue and are maintained in a quiescent state. However, a growing
body of evidence indicates the existence of long-lived, yet actively cycling,
adult stem cell populations.*® ™ These cells would support the homeostasis
of rapidly dividing organs, such as the gut and the skin, and the hematopoi-
ctic system. To be able to maintain self-renewal, while actively cycling to
generate progenitor cells, these active adult stem cell compartments must
retain efficient telomere maintenance mechanisms. Accordingly, despite dif-
ficulties in isolating and characterizing adult stem cells, telomerase activity
has been detected in different adult stem cell populations. We will now ana-
lyze difterent adult stem cell compartments in more detail.

2.2.1 Hematopoietic system

Samples from the hematopoietic system are more directly obtainable than
most other adult tissues, which translated to more detailed research on
the functional and molecular characterization of its components. Telome-
rase activity was described in early experiments with the hematopoietic sys-
tem, including in hematopoietic stem cells that give rise to all other cells in
the blood.?">* In fact, elegant experiments from the Weissman group dem-
onstrated that the frequency of telomerase-expressing cells within different
populations of the hematopoietic system was proportional to the frequency
of cells thought to have self-renewal potential. Among bone marrow hema-
topoietic stem cells, 70% exhibited detectable telomerase activity.”' How-
ever, telomeres in hematopoietic cells, including hematopoietic stem cells
(HSCs), shorten during organismal aging in both mice® and humans,”*
which indicates that the amount of telomerase activity is insufficient to cope
with the constant renewal that occurs in the blood system. The importance
of telomerase for the long-term replicative capacity of HSCs was first exem-
plified in serial transplantation experiments, where telomerase-deficient
HSCs could be serially transplanted for only two rounds, whereas wild-type
HSCs could be serially transplanted for at least four rounds. During these
experiments, the rate of telomere shortening was increased approximately




twofold during serial transplantation of telomerase-deficient HSCs. ™ Tnter-
estingly, HSCs overexpressing telomerase did not show an mcreased
repopulation capacity, showing that telomere-independent barriers may
act independently and limit the transplantation capacity of HSCs.”®

2.2.2 Hair follicle stem cells

Telomerase activity has also been identified in mitotically active segments of
the hair follicle, which later were discovered to be the niche for hair follicle
stem cells.”’ Interestingly, telomerase activity was shown to be higher in
ultraviolet light-damaged skin, which can indicate either that telomerase
is involved in the early stage of skin carcinogenesis or that telomerase helps
tissue regeneration.>® In fact, using telomere shortening inhibited the mobi-
lization of stem cells out of their niche, impaired hair growth, and resulted in
the suppression of the regenerative capacity of these cells in vitro.”” On the
other hand, induction of TERT in mouse skin epithelium caused a rapid
activation of the hair follicle cycle (from telogen, the resting phase, to
anagen, the active phase) culminating in robust hair growth.®’

2.2.3 Intestinal stem cells

The constant mechanical damage inflicted on the gut by passing bowel con-
tent, combined with the chemical and biological assault by the luminal con-
tents, leads to a nearly complete renewal of the intestinal epithelium every
4-5 days, therefore constituting the fastest self-renewing tissue of the human
body.®"%* This fantastic rate of self-renewal, together with a very distinct
organizational anatomy, transformed the intestine into one of the most stud-
ied models in the adult stem cell field. In a tissue with such a constant need
for renewal, it is not surprising that telomerase activity was identified in
intestinal stem cells.** Interestingly, while the Breault group used a
GFP-TERT transgenic mouse-model approach to conclude that TER T-
positive stem cells in the gut are Bmil-positive and LGR 5-negative and rep-
resent a rare and slow-cycling stem cell population,® Hans Clevers group
used a more sensitive technique, where they would sort LGR 5-positive cells
and analyze telomerase activity by TRAP (telomere repeat amplification
protocol) to conclude that the fast-cycling LGR5-positive cells in the gut
actually have high telomerase activity.*>

2.2.4 Muscle stem cells
Recently, investigators from Stanford University were able to demonstrate
the importance of telomerase activity also for muscle homeostasis. Working
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with a Duchenne muscular dystrophy mouse model (mdx) lacking the RNA
component of telomerase (TERC), the authors show that telomere attrition
causes severe muscular dystrophy that progressively worsens with age.®” The
worsening of symptoms was due to the loss of adult muscle stem cells and
could be ameliorated histologically by the transplantation of wild-type mus-
cle stem cells in telomerase-deficient mice. These results not only demon-
strate the importance of telomere in muscle stem cell homeostasis but also
indicate that Duchenne muscular dystrophy is a stem cell disease. Moreover,
it was also demonstrated that telomere dysfunction plays a role in cardiac
failure in Duchenne muscular dystrophy, where demands of contraction
in the absence of dystrophin, coupled with increased oxidative stress in these
settings, cause accelerated telomere erosion, which culminates in cardiac

failure and death.®®

2.2.5 Neural stem cells

The identification of neural stem cells (NSCs) has, historically, been chal-
lenging. However, several breakthroughs during the last years collectively
indicated that the subventricular zone (SVZ) and the subgranular zone of
the hippocampus represent neurogenic niches or local microenvironments
that permit and support neurogenesis.”” Because telomerase expression is so
closely related to stem cell function, different groups have tried to identify
telomerase-positive cells in the brain. Using sox2 as a prospective marker for
NSCs, it was recently shown that sox2-positive cells isolated from the SVZ
were capable of sustained mitotic expansion and showed high telomerase
activity.”” Additionally, it was also shown that telomere attrition impaired
the proliferation of adult NSCs that were isolated from the SVZ of
telomerase-ablated mice. Curiously, the same authors reported that telo-
mere attrition did not affect the in vivo proliferation potential of embryonic
NSCs.”" Thus, despite technical limitations that still complicate the study of
adult neurogenesis, it seems reasonable to assume that at least, a percentage of
NSCs are telomerase-positive and that telomere homeostasis is important for
the maintenance of the adult stem cell pool in the brain. Certainly, with
higher definition (deeper and to a higher resolution) of in vivo imaging tech-
niques, we will be able to track telomerase-positive cells and understand

their precise role in neurogenesis.

2.2.6 Spermatogonial stem cells
Throughout an individual’s life, the spermatogenic process relies on proper
regulation of self-renewal and differentiation of the spermatogonial stem



cells. These are rare single cells that comprise about only 0.03% of the total
number of germ cells and are situated on the basal membrane of the semi-
niferous epithelium. Interestingly, telomere length seems to elongate over
the human life span, and this is presumed to be due to high telomerase activ-
ity in spermatogonial stem cells throughout the life of a male.”* In fact,
although the knowledge about the identity and characteristics of spermato-
gonial stem cells in human is very limited, initial experiments with adult tes-
tes from Rhesus monkeys identified a population, localized at the basement
membrane of seminiferous tubules, that showed high telomerase activity.”
These results have recently been corroborated in spermatogonial stem cells
from adult human testis.”* The presence of telomerase in the human male
germ line seems to be functionally relevant, since the presence of single-
nucleotide polymorphisms in TERT and in TEP1 (telomerase-associated
protein 1) was recently associated with susceptibility to male infertility.”
Interestingly, telomerase activity is low or even absent in oocytes and
cleavage-stage embryos, and it is only recovered in blastocysts. ™ Accord-
ingly, telomere length in the oocyte is shorter than in somatic cells. The
mechanisms responsible for telomere resetting during the early stages of
development are fascinating. Telomeres lengthen considerably following
activation of the egg (in mice, thousands of base pairs are added within the
first two cell cycles). This happens despite low levels of telomerase activity
and seems to be driven by extensive telomere sister-chromatid exchange,
and accordingly, DNA recombination proteins were colocalized to telo-
meres in early cleavage-stage embryos.”® Interestingly, following this early
stage and just as telomerase activity increases in blastocysts, the proteins for
recombination and DNA damage repair, as well as Telomere-Sister Chroma-
tid Exchange (T-SCE), decrease markedly, suggesting that from this stage on,
telomerase is responsible for telomere elongation, which is corroborated by
experiments showing that telomere elongation at this stage of differentiation
is abrogated in telomerase-deficient mice.”” This fascinating dual mode of
telomere elongation is most likely responsible for the telomere length reset-

ting during the vertical transfer of genomic material through time.

2.3. Organismal consequences of telomere attrition in

stem cells
The importance of telomerase activity in organismal fitness was first delin-
eated from the generation and characterization of laboratory mice null for
either TERT or TERC. Although early generation (G1) of these mice
has a lack of phenotype, late generations (>G3) present short telomeres
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and an associated shortened hife span, decreased ferulity, and impaired organ
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function™”” that are more readily observable i tissues with high turnover

rates.”” More recently, reduced tissue renewal capability in high-turnover
tissues was also observed in mouse models with mutant shelterin, providing
aclear link between telomere dysfunction and tissue renewal in rodents,®1 4
In humans, the importance of proper telomerase function in adult stem cell
compartments is readily observable in patients suffering from different syn-
dromes associated with dysfunctional telomeres, such as the inherited bone
marrow failure syndrome dyskeratosis congenita (DC).™®® To date, all
known mutations in DC patients have been found in genes responsible
for telomere homeostasis, and an underlying characteristic of this discase
is the presence of short telomeres, usually below the first percentile when
compared with the rest of the population.”’ Patients with DC present with
systemic tissue defects that are more pronounced in organs with high turn-
over rates, suggesting an exhaustion of actively cycling tissue stem cells due
to a telomerase deficiency.™ More details of human diseases associated with
telomere dysfunction are described elsewhere in this book.

2.4. Noncanonical roles of telomerase in stem cell regulation

The experiments described above with germ-line telomerase knockout
mice indicate that the deleterious effects of telomerase deficiency are only
observed after a long time frame, with the continuous inheritance of pro-
gressively shortened telomeres from one generation to the other. However,
recent evidence suggests that TER T is able to directly stimulate stem cells, in
a mechanism independent from its telomere elongation function. Initial
experiments using TER C knockout and TERT catalytically inactive mice
showed that conditional induction of TER T in skin epithelium causes rapid
activation of hair follicle stem cells present in the bulge region, inducing
robust hair growth.®” This noncanonical role of telomerase in stem cell reg-
ulation has been confirmed by different groups, both in mouse®” and in zebra
fish.* Analysis of genome-wide transcriptional response to acute changes in
TERT levels in mouse skin revealed that the TERT transcriptional response
closely correlates with the response mediated by both Myc and Wnt, two
proteins that are intimately associated with stem cell function.” Corrobo-
rating this idea, it has been shown that the TERT noncanonical activity
in stem cell activation is mediated by its interaction with Brgl and B-catenin,
the central activator of the canonical Wnt pathway.”' Interestingly, it
was also shown that B-catenin regulates TERT expression through an



with short telomeres. It is also unclear why Dolly died at an early age. Most
likely, these differences are the consequence of improved protocols for
SCNT cloning and probably intrinsic characteristics of donor cells, Never-
theless, it is now well accepted that telomerase is activated in cloned embryos
that were derived from donor nuclei with undetectable levels of telomerase.
Interestingly, also in cloned embryos, the activation of telomerase is again
found at the blastocyst stage of embryogenesis.''®!!7120 Importantly, a
recent study suggests that the telomere elongation in cloned embryos is inde-
pendent of the type and telomere length of the donor cell and is intrinsic to
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the cloning process itself.'”’

3.2. Reprogramming through induced pluripotency

The successful cellular dedifferentiation using SCNT and cell-fusion strat-
egies provided proof that mammalian development does not require irre-
versible changes in the genome. However, those techniques are
cumbersome, and SCNT is controversial since it involves the use and
destruction of human embryos. Therefore, it is not surprising that the dis-
covery of an easy and fast method that is free of potential ethical issues for
cellular reprogramming was received with great exhilaration by the regen-
erative medicine community. Decades of research in cellular repro-
gramming have recently culminated in the development of “induced
pluripotent stem cells” (iPSCs)."**'** With this technology, adult somatic
cells can be reprogrammed back to a pluripotent state, by forced expression
of transcription factors associated with the stem cell state. The most com-
monly used factors, Oct-4, Sox-2, KIf4, and c-Myc, have been used to
reprogram cells from a growing number of species, using a variety of repro-
gramming methods, including RNA,'* microRNA,'*® and protein trans-
duction.'”” These cells have represented the biggest breakthrough in
regenerative medicine in the last decades, and several groups are actively
generating patient-specific iPS cells from a variety of diseases. The hope
is that these cells will help in the understanding of developmental aspects
of different syndromes and that they can be used as platforms for drug dis-
covery and future transplantation sources (for a detailed review on the use of
iPS cells for regenerative medicine, see Ref. 128). However, before these
cells can be used in clinical settings, we need to confirm that they represent,
in fact, a pluripotent state that is safe for human experimentation. Since tel-
omerase activity and telomere attrition are so fundamental for stem cell biol-
ogy, it comes as no surprise that a lot of emphases are given to understanding

telomerase and telomere regulaton m setangs of mduced reprogramming by

defined factors,

3.2.1 Telomere reprogramming in iP5 cells

Our ability to use induced pluripotent stem cells for cellular therapy requires
that these cells have unrestricted proliferative capacity and that they maintain
genome integrity during extensive periods in culture. Both of these require-
ments are directly associated with efficient telomerase activity and telomere
homeostasis. In fact, consistent with a pluripotent state, initial reports of iPS
cell generation showed that TER T was effectively upregulated after cellular
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123 and human'?? cells. Moreover, repro-

reprogramming in both mouse
gramming cells from a mouse expressing a GFP-TERT reporter, it was
determined that the reactivation of TERT expression and telomerase activ-
ity was a late event during the cellular reprogramming process.'*” Moreover,
the addition of TERT to the reprogramming “cocktail” (the four factors
commonly used for iPS cell generation) increased reprogramming efficiency
of human fibroblasts."*” Confirming the importance of telomerase activity
for cell reprogramming, it was shown that telomere elongation following
cellular reprogramming is dependent on telomerase and not on alternative
mechanisms of lengthening."”' Likewise, the same authors show that
although iPS cells were effectively generated from telomerase knockout
mouse cells with long telomeres, the efficiency of reprogramming of
telomerase-ablated cells with short telomeres is significantly reduced.'”’
The low efficiency of cellular reprogramming in cells with short telomeres
and other types of genetic damage can be rescued by abrogation of the p53
DNA damage response pathway, indicating that it could possibly work as a
mechanism to ensure the genetic integrity of reprogrammed gally PR
Giving further support for the importance of telomere homeostasis during
cellular reprogramming, it has been shown that iPS cells with longer telo-
meres generate mouse chimeras with higher efficiency than those with short
telomeres, when injected into blastocysts.”® Interestingly, a recent paper
compared the efficiency in cellular reprogramming of telomerase-ablated
mouse cells, using either SCNT or induced pluripotency. Consistent
with previous results described here earlier,”® telomeres were elongated dra-
matically in cells reprogrammed using SCNT, due to a telomerase-
independent mechanism. However, cells reprogrammed to an iPS state
did not show telomere elongation during the process. This led to a higher
differentiation potential and self-renewal capacity of cells generated by
SCNT when compared to iPS cells."”*” Curiously, it has recently been



shown that overexpression of catalytically active TERT 1s able o prevent
X-chromosome skewing during cellular reprogramming, although the pre-
cise mechanism of TERT action in this case is still to be determined. '
Taken together, the results presented here indicate the importance of proper
telomere elongation during derivation of iPS cells and establish telomerase
reactivation as a major component of cellular reprogramming,.

3.2.2 Derivation of IPS cells harboring disease-associated
telomerase mutations

The upregulation of TERT in wild-type mouse and human iPS cells leads to
a progressive telomere elongation, resulting in telomeres that are similar in
length to telomeres in ES cells."*""** 1) addition, as previously discussed, iPS
cells derived from telomerase knockout mouse embryonic fibroblasts show
little to none telomere elongation, indicating that telomerase activity is the
driving force of telomere elongation and maintenance in iPS cells.'*"'> In
human samples, the importance of telomerase activity for telomere mainte-
nance and consequent self-renewal capability of iPS cells can be directly
inferred from experiments using cells derived from patients harboring muta-
tions in different components of telomerase and telomere-binding genes,
such as DC and aplastic anemia. Since in these diseases, which are discussed
in detail elsewhere in this book, patients have varying degrees of telomere
attrition and stem cell impairment, the generation of patient-specific iPS
cells would represent a unique model to understand the molecular physiol-
ogy behind telomere shortening induced tissue failure, ' Accordingly, dif-
ferent research groups tried to pursue this aim and have reported the
successful generation of iPS§ cells derived from DC'*'*! 4nd aplastic anemia
patients.'** Although cellular reprogramming from adult dermal fibroblasts
derived from DC patients has proven to be extremely challenging, an opti-
mized protocol where cells are kept and reprogrammed under low-oxygen
conditions significantly increased reprogramming efficiency in those sam-
ples."*” Using this improved protocol, the generation of iPS cells from
patients carrying different mutations in DKC1, TCAB1, and TERT showed
that telomere homeostasis is impaired in telomerase-mutant iPS cells. Sur-
prisingly, it was shown that the stem cell-specific transcription factors OCT4
and NANOG bind to both TERC and dyskerin regulatory elements,
thereby increasing their expression,'*' a previously unknown aspect of tel-
omerase regulation in stem cells. Importantly, experiments with these cells
also showed the importance of cellular reprogramming for accurate disease
modeling in vitro. While TER T-mutant iP$ cells showed marginal telomere
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dystuncuon, TCABT and DKC - mutant 1PS cells presented with a severe
telomere dystunction phenotype, showing progressive telomere shortening
that ulimately resulted in the loss of self~renewal of these cells. These results
suggest that DC iPS cells might be mimicking the molecular events behind
loss of sel-renewal in adult stem cell compartments in DC patients, provid-
ing an explanation for the recently described correlation between disease
severity and telomere length in patients afflicted with this disease.'*> Similar
results were obtained from iPS cells derived from aplastic anemia patients,
carrying mutations in TERT and TERC, which elongated telomeres at a
lower rate when compared with wild-type iPS cells.'"* Importantly,
telomerase-mutant iPS cells showed defective hematopoietic differentiation
in vitro, therefore mimicking the clinical aspects of this disease in patients and
demonstrating that human telomere diseases can be accurately modeled uti-
lizing iPS cells.'** When taken together, these results provide a clear genetic
evidence for the importance of telomerase regulation and function in human
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4. CONCLUSIONS

Telomerase activity 1s tightly regulated in both mouse and human
samples, and the limiting factor for this regulation seems to be TERT
expression, which is limited to stem and progenitor cell populations. The
importance of telomerase activity for stem cell function is clear in embry-
onic, adult, and induced pluripotent stem cells, where a failure to properly
maintain telomere length leads to loss of self-renewal, the major feature of
these cellular populations. The deleterious consequences of telomere-
induced loss of self-renewal can be observed in organismal fitness, where
it results in reduced tissue function. Additionally, we have discussed the role
of TERT i different developmental pathways, independently from its role
in telomere elongation. The molecular and biochemical understanding of
these process is still in its infancy and is prone to contribute significantly
for our knowledge of human health.
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Abstract

Telomeres consist of repetitive DNA-protein complexes that cap the ends of vertebrate
linear chromosomes. Their capping function and dynamics both with regard to struc-
ture and length are carefully orchestrated by many regulatory mechanisms and factors,
with likely more yet to be described. Telomere shortening has been shown to be a
major measurable molecular characteristic of aging of cells in vitro and in vivo and is
thought to have evolved as a tumor protection mechanism in long-lived species. Reg-
ulators and modifiers of telomere dynamics and dynamics with age together with the
consequences of telomere shortening and telomere dysfunction in the context of aging
and aging-related disorders are discussed in this chapter.
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